Quercus rubra has been introduced in Europe since the end of the seventeenth century. It is widely distributed today across this continent and considered invasive in some countries.
Introduction
2009), with 5000 sweeps of Markov Chain Monte Carlo (MCMC) and 1000 burn-in of sweeps of MCMC. The Deviance Information Criterion (DIC), a statistical measure of themodel prediction capabilities, was computed by TESS for each simulation. A comparison of the best simulations based on DIC values per K was used to determine the most likely number of genetic clusters for each analysis. This procedure was complemented by a more empirical approach when the DIC criterion was not conclusive (see Results).
Multivariate analysis, population differentiation and diversity
Using the native and whole datasets, we performed Correspondence Analyses (CA) with Genetix program version 4.05 (Belkhir et al. 2004 ).
Genetic diversity, estimated through expected heterozygosity (H e ), and analysis of molecular variance (AMOVA, Excoffier et al. 1992) , testing for the subdivision of genetic variation among and within populations in both North America and Europe, were calculated using GenAlEx program version 6.5 
Approximate Bayesian Computations
Approximate Bayesian Computation (ABC; Beaumont et al. 2000) was used to investigate the demographic history of Q. rubra. For each pair of clusters, we evaluated seven scenarios of divergence allowing gene flow at different timescales (Fig. 1) . The first scenario assumed that the two investigated populations derive from a single panmictic population (PAN) with constant population size (N). The six other scenarios assumed a split of an ancestral population into two daughter populations (A and B) at time T SPLIT. All these 3 diploid populations could have different sizes (N A and N B; N ANC being the size of the ancestral population) that have remained constant over time. Among these six scenarios, five assumed periods of gene flow since T SPLIT : ancient migration (AM), periodic ancient migration (PAM), continuous migration (IM), secondary contacts (SC) and periodic secondary contacts (PSC). The remaining scenario is a strict isolation model (SI) assuming no migration between clusters. In the AM model, migration is modelled as occurring after T SPLIT, stopping at time T AM . In the PAM model, a derivative of the previous AM model, two periods of ancient migration are assumed stopping at time T AM1 and T AM2 . In the IM model, migration is assumed to have occurred continuously since T SPLIT .
In the SC model, divergence without gene flow is assumed to have occurred first but at time T SC , the two populations started to exchange genes by secondary gene flow. In its derivative model (PSC), two different cycles of isolation and gene flow were assumed, with gene flow starting at time T SC1 and restarting at time T SC2 (i.e. no gene flow between T SPLIT -T SC1 and T SC1 -T SC2 ).
For all scenarios, four million data sets were simulated under the seven different scenarios using a pipeline composed of msnsam, priorgen and mscalc. Msnsam (Ross-Ibarra et al. 2008 ) is a modified version of ms (Hudson 2002) allowing variations of sample sizes between loci. Priorgen is a generator of priors developed by Ross-Ibarra et al. (2008) and modified by Roux et al. (2011 Roux et al. ( , 2013 and Leroy et al. (2017) to take into account both morecomplex scenarios of divergence and variations in both effective population sizes and migration rates among loci, two key genomic features known to bias demographic inferences (Charlesworth et al. 1997; Castric et al. 2008; Charlesworth 2009; Roux et al. 2013; Cruickshank and Hahn 2014) . For this study, we made further improvements to allow priorgen to generate random prior draws for more complex demographic scenarios with two-cycles of gene flow (PAM and PSC scenarios). Prior parameters were drawn from a large uniform distribution for times and effective population sizes as following: T SPLIT [0; 100]; N ANC , N A and N B [0; 10,000,000]. For all simulations, mscalc was used to calculate 19 summary statistics (Ross-Ibara et al. 2008; Roux et al. 2011; Roux et al. 2016) , including the average and standard variation for (1) the number of fixed differences, (2) the number of polymorphic sites specific to each gene pool, (3) the number of polymorphic sites existing in both gene pools, (4) Tajima's pi for each gene pool and between the two gene pools, (5) the gross divergence (Dxy), (6) the net divergence (Da), (7) Fst and (8) Pearson's correlation
Results

Overall subdivision of genetic diversity
The genetic diversity calculated for native and introduced populations was similar in both gene pools. Expected heterozygosity values were not significantly different: H e = 0.330 (± 0.019 SE) for the native populations and H e = 0.327 (± 0.019 SE) for the introduced populations (p=0.299). The results of the AMOVA analyses indicated that the subdivision of geneticdiversity between North American and European gene pools and among populations within gene pools was significant (p<0.001), albeit low (Table 2) . Most of the genetic diversity was found among individuals within populations. In both North American and European areas, less than 3% of the total variation was among populations. Genetic differentiation between Europe and North America, albeit significant, was weak (0.98%). Considering both gene pools, ninety-six per cent of the total molecular variance was explained by within-population variation (Table 2) .
Native populations
We further explored the distribution of genetic variation within the native gene pool by using a multi-locus approach. We performed a Correspondence Analysis (CA) with individuals from the native range (n=624) showing that projections of individual values along the three main axis were distributed continuously (Fig. 2a) . Coordinates of individuals on the first two axes of the CA (3.61% of the variance) indicate a much greater diversity in the populations sampled in the USA compared to those sampled in Canada. We then investigated whether the continuous variation in North America follows a clinal geographic trend. Projections of individuals on the first axis are significantly correlated with the latitude of the origin of the population (Fig. 2b) . Similarly, values of the projections on the second axis are significantly correlated with longitude ( Fig. 2c) . Finally annual mean temperatures, from observed data recorded between 1960 and 1990, were highly correlated with the first axis but not the second (see Appendix Fig. S1 ). Extant continuous variation across the natural distribution can be the outcome of various different evolutionary scenarios. Two contrasting scenarios illustrate this. On the one hand, one may consider a single founding population disseminating throughout the range and generating genetic clines through isolation by distance. This scenario would have resulted today in a single, large, potentially panmictic population characterized by a latitudinal genetic gradient of variation. On the other hand, we can imagine multiple ancestral populations located at the extremes of the distribution, and dissemination from these different sources would have resulted in continuous genetic variation across the natural distribution of populations as a consequence of admixture and isolation by distance. We investigated some of these scenarios by using clustering methods to explore the existence of ancestral populations and using ABC methods to reconstruct likely demographic histories.
Ancestral populations
We used TESS -a spatially explicit Bayesian clustering method particularly suited to investigating discontinuities in continuous populations -to report ancestry estimates for K genetic clusters. To estimate the optimal number of clusters, i.e. the number of K that best fit the data, we used the average Deviance Information Criterion (DIC) criteria, which measures the posterior predictive error and allows comparisons of scenarios corresponding to different K values. In our case, DIC values continuously decreased without sudden variation (see Appendix Table S3 ), which made it impossible to identify the optimal K value using this criterion. Consequently, instead of using the DIC criterion, we checked the assignment of individuals to different genetic clusters (with different K values) and compared the outcomes by considering the number of meaningful groups of individuals. This is an empirical approach attempting to compare the consistency of assignments to clusters as the number of clusters increases. For example, we checked whether clusters at lower K values are nested in clusters when K increases. In what follows and to account for the uncertainty due to the empiricism of our approach, we considered in more detail the two cases with lower values of K (K=2 and K=3). In our study, when K=2, the Bayesian clustering analysis resulted in a latitudinal distribution of the trees from the North (G1, orange) and trees from the South (G2, yellow) and admixed trees at intermediate latitudes (Fig. 3) , thus confirming the latitudinal trend observed by CA. At K=3, clustering analysis suggested that the additional cluster (G3, purple) is preferentially present in the Northcentral to Northwestern part of the distribution, although its distribution is more ubiquitous than the other two clusters. This third cluster contained a large group of individuals originating from Missouri (populations MO_2, see Appendix Table S1 ) and from Northwestern Michigan (populations OT_2 and MTU, see Appendix Table S1 ) suggesting a genetic split from Northeastern (G1, orange) and Southeastern (G2, yellow) populations ( Fig. 3 and 4) . At K=4, only 13 individuals (2%) were clearly assigned to one of the four cluster (Q-values above to 0.8), representing a very low proportion of the samples, whereas most individuals were admixed (n=611, 98%). In addition, the clustering appeared to be independent of geography ( Fig. 3) , an empirical evidence that this value of K is greater than the real number of clusters. Similar conclusions can be drawn for analyses based on more than four genetic clusters. In view of the difficulty of estimating K in our study, all our subsequent analyses have been performed assuming estimates of admixture proportions at K=2 and K=3. In what follows, Bayesian clustering should also be seen here as a pragmatic way for discretizing the continuous variation in order to ease the tracking of the source populations of the https://mc06.manuscriptcentral.com/LongRequest/genome-pubs?D...
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European gene pool.
Demographic scenarios
We used an Approximate Bayesian Computation (ABC) framework to elucidate occurrences and timing of contacts between ancestral populations. These methods allow explicit tests of primary vs. secondary differentiation hypotheses. Here, seven demographic models of divergence were tested within all pairs of clusters in the native range at K=2 and K=3. We considered each genetic cluster previously identified by the Bayesian clustering analysis as a population and performed our tests on the pair of clusters for each K: K2G1-K2G2, K3G1-K3G2, K3G2-K3G3 and K3G1-K3G3. For each pair of clusters we also considered the scenario of a single panmictic population, assumingthe two populations of a pair were actually one single population (Fig. 1) . For all pairs of clusters at K=2 and at K=3, the ABC results showed strongest support for models with at least one event of secondary contact, with posterior probabilities ranging from 0.6140 to 0.7619 (Table 3) . Models with a single secondary contact (SC) clearly outperformed models assuming two cycles of secondary contacts (Table 3) .
For each pair of clusters at K=2 and K=3, demographic parameters were estimated under the best-fitting model SC (see Appendix Table S4 ).
Posterior distributions of parameters were built from 10,000 best simulations. Among all parameters, the ancestral population sizes (N ANC ), migration rates (M A and M B ) and divergence times (T SPLIT ) were found to be poorly differentiated from their prior distributions. Conversely, the timing of secondary contact (T SC ) was quite well estimated and suggests that secondary gene flow occurred recently, in the last 2.08% of the divergence time between K3G1 and K3G3 (median= 0.33%), and the last 5.70% of the divergence time between K3G2 and K3G3 (median= 0.41%). The range of the posterior distribution of the divergence time between K3G1 and K3G2 is larger, suggesting that secondary contact occurred in the last 65.48% of the divergence time (median= 9.32%) (see Appendix Table S4 ). Using leave-one-out cross validations based on 15,000 pseudo-observed datasets (PODS) for each model, we estimated a robustness over 0.99 in support of secondary contact for all pairwise comparisons (see Appendix Fig. S2 ).
Introduced populations
To identify the source clusters of introduced populations in Europe, we performed the same population structure analyses as conducted previously, but with the inclusion of 38 additional populations (259 introduced individuals) from the introduced range, collected from 7 European countries. The Correspondence Analysis based on all native and introduced populations showed that coordinates of European individuals are also continuously distributed on the three first axes of the CA (8.07% of the total variance, Fig. 5 ). Introduced populations do not show a random distribution in the space of the three CA axes.
We conducted the Bayesian clustering over the whole data set comprising native and introduced individuals to explore the likely origin of the extant European gene pool. We assume in this analysis that introduced populations originated from one or more of the ancestral populations of the native range that we sampled previously. Thus the Bayesian clustering analysis were conducted at K=2 and K=3 as within the native gene pool (Fig.   6 ). At K=2, most European individuals (n=107, 41%)were mainly assigned (Q-values equal or above to 0.8) to the genetic cluster of Northeastern native populations (G1, orange). Only a very low proportion of samples (n=3, 1%) were strongly assigned to the other cluster (G2, yellow). The remaining (n=149, 58%) exhibited Q-values below 0.8 and were considered to be admixed. At K=3, individuals were near-exclusively assigned to two of the three native genetic clusters: Northeastern and Northcentral/Northwestern native clusters (G1, orange and G3, purple; Fig. 6 ). In this case, only 20.5% (n=53) were mostly assigned to the cluster G1, 13% (n=34) to the cluster G3 and none to the cluster G2. At K=3, most individuals (n=172, 66.5%) did not have a well-defined membership to any cluster (Q-values < 0.8) and were considered admixed. No geographical structure across Europe was observed (Fig. 7) .
Discussion
In this study, our main goal was to retrace historical and demographic events that would have been associated with the introduction of Q. rubra to Europe. We proceeded stepwise by first deciphering the present genetic structure in the native distribution only. We then compared the structure in the introduced range with the extant structure in the native range and inferred putative native sources of the introduced gene pools. Overall our efforts and expectations were hampered by the low genetic differentiation of Q. rubra in its natural range ( Mariette et al. 2002) . Differentiation between the introduced and native gene pool was even lower, about 1% (Table 2) . Despite the overall low differentiation, we found a continuous trend of genetic variation across the natural distribution (Fig. 2) . Our attempts to track the source population of introduced populations were therefore also constrained by the continuous genetic variation. To overcome these difficulties, we attempted to discretize the continuous variation by exploring the existence of ancestral populations that would have contributed through admixture to the extant continuous variation. We considered different testable scenarios that would cope to the extant distribution of genetic variation in the natural range and ease the search of source population of European populations, although https://mc06.manuscriptcentral.com/LongRequest/genome-pubs?D...
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Continuous geographic variation in the natural range
Our findings of continuous geographic variations are well illustrated by the correlation between the first axis of the correspondence analysis and latitude and longitude (Fig. 2b, c) . These results contrast with a previous study using chloroplast DNA markers reporting only weak clinal variation in North America (Magni et al. 2005) . Although chloroplast DNA markers usually exhibit very high genetic differentiation in oaks due to limited seed dispersal (Petit et al. 2002a (Petit et al. , 2002b (Petit et al. , 2002c , these markers provide an incomplete view of the genetic structure of populations as they are maternally inherited. In addition, chloroplast genome capture and swamping occurring during colonization dynamics may blur and hide the background nuclear genetic structure (Kremer et al. 2002; Leroy et al. 2017) . Alternatively, high nuclear genetic structure may be present even with very low or no chloroplast population structure (Birchenko et al. 2009; Hoban et al. 2010; Laricchia et al. 2015) .
A recent range wide genetic survey based on microsatellites also detected a latitudinal trend of variation but showed a higher divergence at the Northwestern part of the range (Borkowski et al. submitted) . Apart from genetic marker data, the comparison of phenotypic traits among populations in provenance-progeny tests highlighted genetic trends across the entire native range. Phenological traits such as the timing of leaf budburst and leaf coloration exhibited strong differentiation among provenances from different geographic origins (Kriebel 1993) . Timing of budburst was correlated with longitude whereas leaf coloration showed latitudinal variation (Deneke 1974; Kriebel et al. 1976; Schlarbaum and Bagley 1981) . According to results obtained in range-wide provenance tests established in middle latitudes of the species range from eastern Nebraska to Northern Ohio, no latitudinal or longitudinal trend was observed for growth but populations coming from the Northern part of the range (extending from the Mississippi river to Western Maine) grew faster than other provenances (Schlarbaum and Bagley 1981; Kriebel et al. 1988; Kriebel 1993) . Populations located to the West of the range limits, in Iowa, Kansas and Missouri for example, were more drought resistant and had higher survival compared to other populations of the natural range (Deneke 1974). Overall there are some congruent patterns observed between molecular genetic surveys (our results and Borkowski et al. submitted) and previous investigations conducted in common garden experiments, suggesting such potential common causes as divergent selection across large environmental gradients. However, these gradients overlap also with historical pathways of colonization (Schlarbaum et al. 1982) , which may generate signatures similar to those of demographic processes. Further investigations are needed to disentangle these sources of variation.
Exploring evolutionary scenarios in the natural range
Whether the geographic trends of variation we found in the natural range bear the signatures of historical demographic events, divergent selection, or a combination of both remains an open debate. As already mentioned, demographic scenarios may entail multiple ancestral populations that disseminated across the landscape, finally generating continuous gradients of variation as a result of admixture and isolation by distance. By using Bayesian structuring analysis, we considered two scenarios (K=2 and K=3), and by explicitly exploring evolution within a single panmictic population in the ABC analysis, we also considered the case of a single ancestral population. Posterior probabilities in the ABC analysis clearly excluded the case of a single ancestral population and the two cases (K=2 and K=3) resulted in very congruent results, confirming the latitudinal trend, and suggesting two clusters preferentially distributed in the Northeast and the Southwest. When K=3, an additional more ubiquitous group was identified located more frequently in the Northcentral to the Northwestern part of the range. There might be more ancestral populations, but additional clustering will not erase the latitudinal structure. It will only refine the subdivision, but would likely require the use of more SNPs to be detected.
One question we addressed is whether divergence between these two (or three) different genetic clusters is ancient. Indeed, divergence can be the result of a recent process of isolation ("primary divergence") or more ancient as expected under secondary contact (SC) scenarios. For all pairs of clusters, our ABC analyses found support for models assuming at least an event of secondary contact, with higher support for models assuming a single period of SC. In addition, our inferences suggested that secondary contact is very recent as compared with the period of strict isolation and showed that the high level of admixture explains the continuous pattern of genetic variation in red oak populations. More broadly, the compilation of all our ABC analyses suggests that these two (or three) different genetic groups have been separated in at least two (or three) different regions during a long part of their history, or were somehow isolated for a long period of time. One explanation for this apparent allopatric isolation is different climatic refuges, as already suspected between four species of the European white oak complex (Leroy et al. 2017 ). In the continental United States, the advances and retreats of Pleistocene glaciations for the last 800,000 years occurred over four major cycles, with complex patterns of retreats and advances (Balco and Rovey 2010) . Long established regional populations of Q. rubra could have come into secondary contact during the migrations that must have occurred during these climate shifts.
Deciphering the origin of European populations
To decipher the origin of the current Q. rubra populations in Europe, we performed a second Bayesian clustering analysis based on both native and introduced populations (Fig. 6) extends in the Northern part of the natural range. Indeed European populations are more similar in terms of admixture profiles to native populations present in the Northern part ( Fig. 6 and 7 (2013) and Hamilton et al. (2015) , rapid adaptation to local climatic conditions favors survival and spread of introduced populations in new habitats.
It is worth mentioning that Q. rubra was earlier named Quercus borealis F. Michx, during which time botanists and foresters recognized Q.
borealis var. maxima (Marshall) Sargent as a morphologically distinct variety based on acorn shape and higher frequency in New England (Palmer 1942) . This variety was still recognized in the 1950s by European foresters (Bauer 1953; Göhre and Wagenknecht 1955) , and it might well be a clue for understanding the preferential seed sourcing in Northeastern states where the pure type Q. borealis was supposedly more frequent. However, we cannot exclude the possibility that Southern native populations were never introduced in Europe. Further investigations are needed based on additional markers and phenotypic traits assessed in common garden experiments including populations of both origins.
Concluding remarks
Despite the continental presence of northern red oak in Europe, no information was available before the current study about the diversity and origins of the introduced gene pool in comparison to the native gene pool. In the current study, we investigate the likely origin of introduced populations by conducting a comparative analysis of the distribution and structure of genetic variation in the native and introduced ranges. Our task was hampered by the very weak structure in the natural range that is illustrated by the continuous pattern of genetic variation along geographic gradients. We explored ways of discretizing the continuous variation with the aim of facilitating identification of source populations of the European gene pool. This approach has shortcomings as it disrupts the underlying clinal pattern, but it results nonetheless in congruent conclusions under different scenarios, showing that the source populations of the European gene pool are likely located in the Northern part of the natural distribution.
Refinements of the geographic origin may improve if the number of markers and studied populations is increased. These investigations should now be extended to explore whether evolutionary change (adaptive or neutral) has accumulated since introduction in the European gene pool, to understand the evolutionary success of the species in Europe.
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